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Behavioral Task 147
Monkeys performed a two-option gambling task (Azab & Hayden, 2017; 148 Azab and Hayden, 2018). The task was similar to one we have used previously 149 (Strait et al., 2014; Strait et al., 2015) , with two major differences. First, monkeys 150 gambled for virtual tokens-rather than liquid-rewards. And, second, outcomes 151 could be losses as well as wins. Our previous research confirms that subjects' 152 behavior is consistent with understanding of the link between colors and rewards 153 and size and probability in this task and in ones with similar structures, including 154 more complex foraging-like tasks -indicating that task understanding is not likely 155 to be a limiting factor here ( determined by the probability of the top). The top outcome was 10%, 30%, 50%, 168 8 70% or 90% likely. The possible combinations of outcomes were: +3/0, +3/-1, 169 +3/-2, +2/+1, +2/0, +2/-1, +2/-2, +1/+1, +1/0, +1/-1, +1/-2, 0/0. Each non-safe 170 combination was equally likely to occur. 171
Six initially unfilled circles arranged horizontally at the bottom of the 172 screen indicated the number of tokens to be collected before the subject obtained 173 a liquid reward. These circles were filled appropriately at the end of each trial, 174
according to the outcome of that trial. When 6 or more tokens were collected, the 175 tokens were covered with a solid rectangle while a liquid reward was delivered. 176
Tokens beyond 6 did not carry over, nor could number of tokens fall below zero. 177
On each trial, one offer appeared on the left side of the screen and the 178 other appeared on the right. Offers were separated from the fixation point by 550 179 pixels (27.53° of visual angle). The side of the first offer (left and right) was 180 randomized by trial. Each offer appeared for 600 ms and was followed by a 150 181 ms blank period. Monkeys were free to fixate upon the offers when they appeared 182 (and in our observations almost always did so). After the offers were presented 183 separately, a central fixation spot appeared and the monkey fixated on it for 100 184 ms. Following this, both offers appeared simultaneously and the animal indicated 185 its choice by shifting gaze to its preferred offer and maintaining fixation on it for 186 200 ms. Failure to maintain gaze for 200 ms did not lead to the end of the trial, 187 but instead returned the monkey to a choice state; thus, monkeys were free to 188 change their mind if they did so within 200 ms (although in our observations, they 189 seldom did so). A successful 200 ms fixation was followed by a 750 ms delay, 190 after which the gamble was resolved and a small reward (100 μL) was 191 delivered-regardless of the outcome of the gamble-to sustain motivation. This 192 small reward was delivered within a 300 ms window. If 6 tokens were collected, a 193 delay of 500 ms was followed by a large liquid "jackpot" reward (300 μL) within 194 a 300 ms window, followed by a random inter-trial interval (ITI) between 0.5 and 195 1.5 s. If 6 tokens were not collected, subjects proceeded immediately to the ITI. 196 Each gamble included at least one positive or zero-outcome, ensuring that 197 every gamble carried the possibility of a win. This decreased the number of trivial 198 choices presented to subjects, and maintained motivation. 199
Eye position was sampled at 1,000 Hz by an infrared eye-monitoring 200 camera system (SR Research). Stimuli were controlled by a computer running 201
Matlab (Mathworks) with Psychtoolbox (Brainard, 1997) and Eyelink Toolbox 202 (Cornelissen et al., 2002) . Visual stimuli were colored rectangles on a computer 203 monitor placed 57 cm from the animal and centered on its eyes ( Figure 1A includes both wins and losses, we fit a parameter α for wins and another 216 parameter ß for losses. A value for α greater than 1 and a value for ß less than 1 217 both indicate risk-seeking. Both subjects were risk-seeking on average (values of 218 α > 1 or ß < 1 both indicate risk-seeking; subject B: average α = 1.21, average ß = 219 0.076; subject J: average α = 1.60, average ß = 0.022). For the remainder of this 220 study, "value" refers to subjective value. 221
We fit logistic regression models of behavior to predict choice of the first 222 vs. second offer. To ensure that subjects do, in fact, pay attention to both offers, 223 we fit a model where the value of the first and second offers were the predictors 224 of interest, while also including the number of tokens already accumulated, the 225 side the first offer appears on, and the choice eventually made to explain any 226 variance these variables might contribute to: Where F(x) is the probability of choosing offer 1, x3 is the number of 231 tokens, x4 is the side of the first offer, and x5 is the choice that was made. To 232 determine whether subjects pay attention to all features of an offer, we use an 233 extended model with the three variables characterizing each offer (the two 234 possible outcomes, and the probability of the larger outcome) included as 235 predictors, controlling for the same variables mentioned above. probability of the top outcome for offer 2, and then y7, y8, and y9 are the 243 additional factors of token number, first offer side, and eventual choice. We fit 244 such a model for each behavioral session, and obtain the regression weights 245 associated with each of the variables of interest. We then test the vector of these 246 variables across all sessions using a one-sample t-test, to determine whether they 247 differ significantly from zero. 248
Trials lasting longer than the statistical 'upper fence'-that is, the third 249 quartile plus 1.5x the interquartile range-of trial durations were regarded as 250 lapses and discarded. This cutoff time was calculated as the third quartile of trial 251 length plus 1.5x the interquartile range. 252 253
Statistical Methods for Pupil Size Analyses 254
We sampled subjects' pupil diameter every 10 ms for analysis. Raw pupil 255 data were first processed in order to remove aberrations due to blinks or 256 measurement artifacts-outlier data points were excluded on the basis of raw size 257 (> 99.9 th percentile), velocity of change (> 99 th percentile), and acceleration of 258 change (> 99 th percentile). 259
Pupil sizes were then converted into z-scores on a trial-by-trial basis using 260 the mean and standard deviation during a 500 ms normalization period, 261 immediately preceding the start of the trial except in the instances indicated 262 below. This length of time was chosen because it was the shortest length of the 263 ITI, and therefore the longest normalization window that could be applied to the 264 beginning of all trials. This normalization method was based on previously 265 We assessed the effect of offer luminance on our results in three ways. 278
First, we measured the screen luminance in cd/m 2 of the color of each offer, using 279 a Tektronix J6523-2 luminance probe, under lighting conditions identical to those 280 of the task. The screens emitted minimal baseline luminance and there were no 281 other sources of light during the task (figure S1). Second, we estimated the 282 relative luminance of each offer presented to the monkey by multiplying each of 283 the two halves' proportion of the offer area with their respective luminance 284 measures. We then calculated a multiple regression of the luminance and value of 285 each offer against the mean pupil response from 150 to 350 ms following both 286 offer 1 and offer 2 presentation on a trial by trial basis. Third, using the same time 287 window, we performed a Pearson correlation of offer luminance and pupil 288 response across all trials. 289
Offers came in several possible in a range of sizes. In our Results, 'large' 290 and 'small' offers refer to those with subjective values greater than or less than 291 the median offer, respectively. The onset time of offer value-related effects on 292 pupil size was calculated by comparing the differences between the means of each 293 trial type to shuffled data (10,000 permutations, without replacement) (Efron & 294 Tibshirani, 1993) . Similar approaches have previously been used to determine the 295 significance of pupil size changes (de Gee et al., 2014; Nassar et al., 2012). The 296 pupil response based on a given variable was defined as the first time bin in which 297 the mean pupil sizes were significantly different at the threshold of α = 0.005 298 (two-sided permutation test). Effects with a latency of less than 250 ms were not 299 considered, as this is approximately the shortest amount of time in which visual 300 stimuli can induce pupil responses (Gamlin et al., 1998) . Mean pupil size for large 301 vs. small values of the first and second offer was calculated as the mean ± SEM 302 over the 150 ms following the initial pupil response. The significance of the 303 difference between pupil size distributions was calculated using a two-sided 304 student's t-test (α = 0.05). 305
To calculate the time course of the pupil response, we calculated the mean 306 time of maximum pupil size difference between the two given conditions. Mean 307
and SEM values of the maximum difference time were derived from bootstrapped 308 data (10,000 permutations). The time window for bootstrapped data was, at a 309 minimum, the second half of the offer epoch. In the case that significant pupil 310 response (two-sided permutation test, p < 0.005) was observed into the delay 311 performed on a trial-by-trial basis, with pupil size calculated as the mean value 323 during the indicated time bin. An additional regression was performed to assess 324 the impact of pupil size during the pre-offer 2 normalization window on observed 325 changes in pupil size following offer 2. The regressors for this analysis were offer 326 1 subjective value, offer 2 subjective value, and the mean pupil size during the 327 15 500 ms leading up to offer 2 onset as calculated from pupil size data that were 328 normalized to the ITI. 329
To analyze the relationship between pupil size and number of tokens 330 possessed, we excluded trials following jackpot rewards. 331
We performed choice probability analysis on mean pupil size during the 332 200 ms following offer 2 offset (the start of the pre-choice delay) from each trial. 333
We divided trials according to whether offer 1 or offer 2 was chosen and 334 calculated d-prime using ROC analysis (Britten et al., 1996; Britten et al., 1992) . 335
Choice probability was calculated as the area under the ROC curve. We then 336 generated confidence intervals (α = 0.005, two-tailed) by performing similar 337 analysis on 10,000 samples of bootstrapped data. 
Choice behavior 343
We recorded data from two rhesus macaques in a gambling task with 344 asynchronously presented offers ( Figure 1A) . Some data from this task were 345 previously published but the data presented here are all new (Azab & Hayden, 346 2017; Azab and Hayden, 2018) . Both subjects were familiar with the task and 347 appeared to understand it ( Figure 1B) . Specifically, both subjects chose the higher 348 value offer more than chance (subject B: 79.5% over n = 6,906 trials; subject J: = -0.098, R² = 0.010, p < 0.0001; subject J: r = -0.022, R² = 0.0005, p = 0.017). 374
Immediately following onset of the offer (from 0 to 200 ms after it appeared on 375 the screen) pupil size did not differ (this is not surprising because of the well-376 known slowness of pupil responses; t = -0.076, p = 0.939 for both subjects). 377
However, following the presentation of the first offer, pupil response to large vs. 378 small offers began to diverge rapidly. Using a sliding time window and a two-379 sided permutation test (α = 0.005) we found that the pupil response to offer 1 380 value emerged at 340 ms (subject B) and 310 ms (subject J). The peak difference 381 occurred at times 652.3 ± 0.2 ms (subject B) and 398.1 ± 0.3 ms (subject J) after 382 offer 1 onset. 383
At the time of peak difference, the average pupil size following large 384 offers was significantly smaller than that following small offers (subject B: -2.006 385 ± 0.090 for large offers vs. -0.905 ± 0.081 for small offers, two-sided Student's t-386 test, t = -8.633, p < 0.0001; subject J: -3.269 ± 0.076 for large offers vs. -2.830 ± 387 0.065, two-sided Student's t-test, t = -4.334, p < 0.0001). A regression of offer 1 388 SV (unbinned) against average pupil size at the time of peak difference in each 389 subject confirms this result (subject B: ß = -0.262 ± 0.033, t = -7.872, p < 0.0001; 390 subject J: ß = -0.059 ± 0.026, t = -2.293, p = 0.022). 391
The same pattern was observed in the second offer epoch ( Figure 2C the second offer in both subjects (subject B: r = -0.028, R² = 0.001, p = 0.029; 394 subject J: r = -0.045, R² = 0.002, p < 0.0001). The difference in pupil response on 395 the basis of offer 2 value emerged at 430 ms following the appearance of the offer 396 for subject B and 310 ms for subject J. The peak of the difference occurred at 397 630.1 ± 1.2 ms (subject B) and 520.3 ± 0.6 ms (subject J). At this time, for subject 398 B, the average size of the pupil following large offers was -2.234 ± 0.101 while 399 the size following small offers was -1.711 ± 0.102 (these values are different, 400 two-sided Student's t-test; t = -3.413, p = 0.0006). For subject J, the average pupil 401 size following large offers was -4.102 ± 0.091 while the size following small 402 
Pupil responses were not driven by variations in luminance in our task 423
Our offers were indicated by color, and thus varied, albeit quite modestly, 424 in luminance. Our statistical methods were designed to eliminate confounds 425 associated with variations in luminance (see Methods). Nonetheless, even without 426 this control, we found no main effect of luminance in our dataset. While the 427 average effect of offer value was strong and significant in both subjects (see 428 above), luminance did not have significant effects ( Figure S1A and B) . 429
Specifically, the luminance of offer 1 did not drive responses in either subject B 430 (linear regression, ß = -0.002 ± 0.002, t = -0.888, p = 0.375) or in subject J (ß = -431 0.002 ± 0.001, t = -1.399, p = 0.162). The luminance of offer 2 also did not drive 432 21 responses in either subject B (ß = -0.001 ± 0.002, t = 0.490, p = 0.625) or in 433 subject J (ß = 0.002 ± 0.001, t = 1.252, p = 0.211). A Pearson correlation of offer 434 luminance and pupil response across all trials confirms this result for both offer 1 435 (subject B: r = -0.007, p = 0.551; subject J: r = 0.007, p = 0.406) and offer 2 436 (subject B: r = 0.008, p = 0.523; subject J: r = -0.015, p = 0.105). 437
The lack of correlation between luminance and pupil size likely reflects 438 the relatively weak luminary effects of the small area covered by the offers (300 x 439 80 px on a 1024 x 768 computer monitor). It is also likely attributable in part to 440 the stimulus colors we chose, which did not have a systematic relationship 441 between indicated value and luminance brightness ( Figure S1C) . Specifically: for subject B, the peak offer 1-dependent difference in offer 2 458 response occurred at 594.9 ± 0.9 ms after offer 2 onset. At this time the average 459 sizes of the pupil following large and small first offers were 0.164 ± 0.072 and -460 0.631 ± 0.096, respectively (these values are different, two-sided Student's t-test; 461 t = 6.247, p < 0.0001). For subject J, the peak difference occurred at 641.1 ± 0.5 462 ms after offer 2 onset. At this time the average sizes of the pupil following large 463 and small first offers were 0.511 ± 0.048 and 0.286 ± 0.046, respectively (these 464 values are different, two-sided Student's t-test; t = 3.316, p = 0.0009). 465
Since pupil size during the normalization window for this analysis (the 466 500 ms leading up to offer 2) includes the differential response to offer 1, it was 467 important to account for the potential effect of this variation in the response to 468 offer 2. To do so, we performed a regression of pupil size at the time of peak 469 difference (measured above) against offer 1 value, offer 2 value, and the mean 470 pupil size during the normalization window. We found that, while increased pupil 471 size during the pre-offer2 normalization window negatively correlated with pupil 472 size observed following offer2 (subject B: ß = -0.107 ± 0.010 t = -10.356, p < 473 0.0001; subject J: ß = -0.071 ± 0.005, t = -14.987, p < 0.0001), the increase in 474 pupil size with offer 1 value and decrease with offer 2 value both remained 475 significant (subject B: offer 1: ß = 0.200 ± 0.023, t = 8.900, p < 0.0001; offer2: ß 476 = -0.053 ± 0.022, t = -2.392, p = 0.017; subject J: offer 1: ß = 0.037 ± 0.014, t = 477 2.552, p = 0.011; offer2: ß = -0.1529 ± 0.014, t = -10.684, p < 0.0001). Following the presentation of the second offer, pupil size steadily 500 increased leading up to the choice epoch (Figure 4) . During the pre-choice delay, 501 when no offer stimuli were on the screen (0 ms to 200 ms following offer 2), 502 pupil size was correlated with the value of the chosen offer in the two subjects 503 together (r = -0.019, p = 0.010), and was significant in one subject and close, but 504 not statistically significant, in the other (subject B: r = -0.024, p = 0.051; subject 505 J: r = -0.023, p = 0.009). It was not correlated, however, with the unchosen offer 506 in either subject (subject B: r = -0.008, p = 0.540; subject J: r = -0.010, p = 0.260), 507 or in the two subjects averaged together (r = -0.008, p = 0.294). These findings 508 are consistent with the idea that following presumed covert choice subjects attend 509 the value of the chosen offer more than the value of the unchosen offer (Hayden 'easy' trials refer to trials in which the two offers were below or above the 523 median difference in offer values, respectively. Both subjects chose offer 1 524 significantly more often on 'easy' trials than on 'hard' trials (p < 0.05). 525 526
Following choice, pupil size increases with anticipated value 527
In the delay following choice, while subjects awaited feedback on their 528 gamble, pupil size was higher when the jackpot reward was within reach. 529
Specifically, we compared pupil size on trials when subjects possessed 3 or more 530 tokens to trials when they possessed fewer (two-sided Student's t-test; Subject B: 531 t = -4.602, p < 0.0001; subject J: t = -13.834, p < 0.0001). This effect is not 532 dependent on binning: regressing pupil size by number of tokens demonstrated a 533 significant positive relationship ( Figure 5B ; subject B: r = 0.954, p = 0.003; 534 subject J: r = 0.866, p = 0.026). 535
In our task, there was a delay following feedback and before the reward 536 itself. A transient pupillary dilation coincided with the delivery of feedback on 537 jackpot trials, demonstrating that subjects anticipated the large primary reward 538 itself ( Figure 5C ). Pupil size was larger during the period immediately following 539 feedback on jackpot trials ( Figure 5D ; subject B: 0.712 ± 0.020; subject J: 0.289 ± 540 0.006) than on non-jackpot trials (subject B: 0.513 ± 0.033; subject J: 0.085 ± 541 0.021). These effects were significant in both subjects (2-sided Student's t-test; 542 subject B: t = 2.599, p = 0.009; subject J: t = 4.060, p < 0.0001). Note that the 543 appearance of feedback itself on jackpot trials (a blue bar across the bottom of the 544 screen; see figure 1A ) resulted in pupillary constriction, but the anticipatory 545 dilation occurred during the ~200 ms immediately following feedback, before any 546 seen information could be expected to be expressed in pupil size. indicate the z-score (± SEM) pupil size at 10 ms increments. The dotted lines 555 accept-reject choice process: if subjects attend to and decide on one offer at a 579 time, then at the time of choice offer 2 will tend to be the attended offer and 580 therefore accepted more often by default. Supporting this interpretation, the bias 581 towards offer 2 was more pronounced when decisions were difficult--that is, when 582 options were more similar in SV ( Figure 4C , Fisher's exact test, p < 0.0001 for 583 both subjects). 584
Further supporting this idea, the strength of the bias decreased with 585 increasing number of tokens. In our task, all trials were followed by the same 586 amount of primary reward, except for trials on which monkeys successfully 587 accumulated six tokens and subsequently received a large, 'jackpot' primary 588 reward. For this reason, token number, which was displayed throughout the trial 589 (including during the intertrial interval), provided a running measure of proximity 590 to this large reward. When subjects had 5 tokens, 1 token away from the large 591 primary reward, they chose offer 1 49.63% ± 3.45% of the time; when subjects 592 had fewer than 5 tokens, they chose offer 1 only 43.10% ± 1.27% of the time 593 (Fisher's exact test, subject B: p = 0.038; subject J: p < 0.0001). Response times 594 also decreased when subjects possessed 5 tokens (384.2 ± 2.6 ms) vs. when they 595 possessed fewer than 5 tokens (420.9 ± 1.4 ms; t = -8.901, p < 0.0001 for both 596 subjects). These data suggest that offer 2, as the putative attended offer during the 597 choice epoch, is processed more easily than offer 1 except under highly motivated 598 conditions. 599 the representation of offered rewards has elements that are qualitatively different 623 from those of anticipated rewards, leading to the difference in the way they are 624 reflected in pupil size. This distinction is also reflected in the way offered and 625 anticipated rewards are encoded in neural responses (Farovik et al., 2015; 626 McNamee et al., 2015; Tsujimoto et al., 2012; Wang & Hayden, 2017) . Note that 627 our results do not argue against a weaker version of the simulation hypothesis, in 628 which offers involve partial reactivation of response patterns associated with 629 receipt but also activate other orthogonal response patterns. Other results from our 630 lab provide neuronal evidence in favor of that hypothesis (Wang & Hayden, 631 2017) . 632
We have previously argued that it can be helpful to take a foraging 633 perspective to understand economic choice (Cisek, 2012 Rich & Wallis, 2016) and, here, in pupil responses. Across the two offers, the size 639 of the pupil is correlated with the size of the attended value. Indeed, the decrease 640 in pupil size with increasing offered value may indicate attention to the presented 641 offer. The converse would then be true for the case of offer 2 on trials in which 642 offer 1 was highly valuable. That is, if the subject "accepts" a highly valuable first 643 offer, he may then pay less attention to the second and be less focused in the pre-644 choice delay, leading to the larger pupil size that we observed during those 645
